The paper comprises an analysis of the As, Cd, and Tl content in two plant species (Agrostis capillaris and Betula pendula) commonly growing in the vicinity of the Miasteczko Śląskie Zinc Works, in the period of 1998-2018. In 2018, the As, Cd, and Tl content (in mg/kg) in the grasses was 1.10-1.68, 3.14-19.05, and 0.53-5.96, respectively, i.e. lower by 50-70%, compared to the year 1998. The As, Cd, and Tl content (in mg/kg) in birch leaves at the same time point was 0.74-1.54, 4.65-32.44, and 0.80-7.57, respectively, i.e. lower by 10-80%, compared to values found 20 years earlier. In all grass and birch leaf samples collected in 1998 and 2018, the content of the studied elements exceeded the so-called "natural levels". The 1998 content of As, Cd, and Tl in the plants was due to the settling of dust containing industrial pollutants and reached 77-96%. After 20 years, the contribution of this source of pollution was considerably lower, reaching 63-79%. The performed analyses demonstrated the following mean contents of the analyzed elements in dust: 243 mg As/kg, 1113 mg Cd/kg, and 44 mg Tl/kg, which confirms the hypothesis on the major role of dust in the current soil and plant pollution. In all the habitats analyzed, a significant decrease of the transfer factor (TF) was found for As and Cd in 2018, compared to 1998. For Tl, a different observation was made. In three out of four analyzed habitats, TF decreased over the two decades studied, whereas in the remaining habitat, TF was higher in 2018 than in 1998 both for the grasses and for the birch leaves. Over the past 20 years, the most polluted area changed as well, from the land located closest to the zinc works, in the direction aligned with the most common winds, to the areas subject to the most intense settling of pollutants carried by the wind from unsecured heaps and industrial waste storage areas.
INTRODUCTION
Plants have two main sources of minerals. One is the lithosphere, or more precisely, its outermost layer called the pedosphere, from which plants absorb the macro-and micro-elements necessary for normal development through their root systems. The other potential source is precipitation or atmospheric dust settling on the aboveground parts of the plants, followed by a migration of solid or soluble pollutant particles through the stomata, resulting in their inclusion in the cellular metabolic processes (Chojnacka et al. 2005 , Kicińska 2018 , 2019 . Beside the primary (O, C, H, N) and secondary nutrients (Ca, K, Na, S, Mg, P, and Cl), plants also absorb trace elements, such as As, Cd, or Tl (Tyler and Olsson 2001) . The role of the latter in the life processes of plants has not yet been fully understood, but their occurrence is affected by a number of factors, including cation exchange through cellular membranes, intracellular transport, as well as the processes occurring in the rhizosphere, which are also associated with the presence and activity of microorganisms (Kabata-Pendias and Pendias 1999, Kicińska and Mamak 2011, Kicińska et al. 2019 ). The movement of trace elements, including heavy metals such as Cd, Zn, Cr, or Hg, into various plant organs may have a number of adverse consequences, including inhibition of growth, decrease of dry weight yield, or metabolic dysfunction within the photo- When growing in an environment with heavy long-term pollution, many plant species develop the mechanisms that increase their tolerance to xenobiotics, which not only allows them to survive, but also to reproduce, with no symptoms of toxicity (Larcher 2003 , Pulford and Watson 2003 , Turan et al. 2011 ). The adaptive mechanisms for developing tolerance to high concentrations of pollutants vary greatly, depending mainly on plant species, but also on the chemical and physical properties of the pollutant and its derivatives (Maskall et al. 1996, Newman and Jagoe 1996) . Due to the above-mentioned considerations, the study material comprising the above-ground parts of two common plant species was collected in the vicinity of a zinc works. Then: (i) total contents of particularly toxic elements, i.e. As, Cd, and Tl, were determined in the plant samples; (ii) the pollutant levels were compared with those found in the same material 20 years earlier; (iii) an attempt was made to identify the primary source of these pollutants based on the spatial distribution analysis; (iv) transfer factor (TF) was calculated to evaluate the condition of the studied environment at the two time points.
STUDY AREA
The Miasteczko Śląskie Zinc Works is located in southern Poland, in the Silesia Province, in the town of Miasteczko Śląskie. The area is part of the Upper Silesian Depression, which features Triassic deposits containing Zn-Pb ores. It is covered with Pleistocene moraine clay reaching up to 10 m in thickness, with localized exposures of loesses. The bedrock is comprised of Triassic sandstone, with Jurassic limestone outcrops.
The main types of soils include podsols, pseudo-podsols (developing from sands) and weakly loamy soils, as well as brown earth soils; poorly formed rendzina soils are also found locally. Agricultural land accounts for 29.9%, and arable land -for 23.6% of the total area. In Miasteczko Śląskie, most soils (60.3%) belong to land use classes IV B and V, while class I, II, and III A soils are not found.
Predominant winds in the area are west and north-west, accounting for 35.5% of annual winds. Annual precipitation total is 640 mm, and the highest precipitation occurs in May.
The Miasteczko Śląskie Zinc Works annually produces 60,000 t of refined Zn, 35,000 t of Pb, and 100,000 t of sulfuric acid. The production technology comprises two processes: processing of Zn and Pb concentrates from sulfide ores, and processing of carbonate-hosted Zn and Pb ores (Kicki 1997) . This is the only plant in Poland and one of eight in the world producing Zn and Pb using the Imperial Smelting Process (ISP). The process is highly efficient and allows for processing complex polymetallic raw materials that may not be processed by other methods. The feed mixture in the ISP process includes primary materials (mainly Zn-Pb concentrates and Zn oxide) and secondary, recycled materials containing Zn and Pb 
MATERIAL AND METHODS
The primary research material included the above-ground parts of plants belonging to the Agrostis capillaris grass species and the Betula pendula birch species. These species were selected due to their high resistance and tolerance to high metal levels in the environment. The study by Czerniak and Poszyler-Adamska (2006) demonstrated that the assimilation system of Betula pendula has a tendency for dioxin accumulation. Therefore, the species is commonly considered a good indicator of pollutant accumulation (Kayzer et al. 2011) .
Additionally, in 2018, a dust sample was collected from the surface of the ground (at site no. 1, Fig. 1 ), which comprised approx. 0.5 kg of dust with a grain size below 0.01 mm.
The plant samples were collected in late September 2018, from the same 4 habitats that were used in the study conducted in 1998 ( Fig. 1,  1-4 ). This allowed for performing a long-term (20-year) analysis of changes in the chemical composition of plants growing in the area. The selected habitats differed in terms of distance and direction from the main sources of pollutant emissions, i.e. the zinc works, the waste storage area, and the main transport routes. The material collected from each habitat included 30 specimens (above-ground parts) of Agrostis capillaris grass and approx. 0.5 kg of leaves from the sameaged specimens of Betula pendula birch. All plant samples were rinsed 3 times with 300 ml of distilled water, and subsequently dried, ground, and homogenized.
The plant tissues were then digested in a microwave furnace (HPR 1000/10s high pressure segmented rotor at 200°C, microwave power up to 1000W) in accordance with digestion application no. DG-AG-02, using 10 ml of 65% HNO 3 and a double dose of 5 ml 30% H 2 O 2 . The weighed amount of plant material for analysis was 1 g per sample.
The dust sample was analyzed by extraction in a mixture of concentrated acids (HCl+HNO 3 at a 3:1 ratio) at a temperature of 130°C. The weighed amount was 1 g.
In order to evaluate the amount of As, Cd, and Tl absorbed by plants growing in heavily polluted areas, the transfer factor (TF) was calculated for each metal by dividing the amount of the element in the plant by its content in the soil where the plant had been growing (Chojnacka et al. 2005 , Kicińska and Gruszecka-Kosowska 2016).
The As, Cd, and Tl levels in post-extraction solutions were determined using the Elan 6100 ICP-MS system, with a limit of quantification of 2•10 -5 mg•dm -3 . The statistical analyses were performed using the Statistica software, version 13.1.
RESULTS AND DISCUSSION

As, Cd, and Tl content in Agrostis capillaris grass
The grass samples collected in 2018 had the As, Cd, and Tl content in the following ranges (in mg/kg): 1.10-1.68, 3.14-19.05, and 0.53-5.96, respectively (Table 1 ). In comparison with the samples analyzed 20 years earlier, the quantities are lower by a mean of 70% (for As) and 50% (for Cd and Tl). However, in all the samples analyzed, the As, Cd, and Tl content exceeded the so-called natural levels for grasses, defined at: 0.33, 0.6, and 0.03 mg/kg, respectively (Kabata-Pendias and Pendias 1999).
In 1998, the highest As and Cd levels were found in habitat no. 2, located nearest to the zinc worksapprox. 100 m to the south-east of it (Fig. 2) . The highest Tl levels were found in the grass samples from habitat no. 3, which was also in close proximity to the zinc works (approx. 100 m), but to the south. As already mentioned, the analyzed element levels were considerably lower 20 years later, indicating a positive change, but at the same time, different habitats were found to be the most polluted. In 2018, the highest As content was found in the plant material from habitat no. 4. As to Cd and Tl, the highest levels were found in the grass samples from habitat no. 1 (Fig. 2) . Both of these sites lie north of the zinc works -habitat no. 1 is approx. 200 m to the east, while habitat no. 5 is even further away, approx. 500 m to the west (Fig. 1) .
Compared to the present findings, extremely high As and Cd levels were reported by Bech et al. (2012) in the plants of the same species growing in NE Spain, Girona Province. In the plants growing around former antimony mine in the Ribes Valley, the As levels of up to 238 mg/kg and Cd levels of up to 0.6 mg/kg were found. In the Bukowno area in the south of Poland, where Zn-Pb ores are mined and processed, slightly higher levels of As were reported, reaching 10-16 mg/kg, while the levels of Cd were slightly lower, 5-37 mg/kg (Kicińska and Gruszecka-Kosowska 2016).
As, Cd, and Tl content in Betula pendula birch
The birch leaf samples collected in 2018 had the As, Cd, and Tl content in the following ranges Table 2 ). Compared to the amounts found 20 years earlier, these levels are lower by a mean of 80% (for As), 10% (for Cd) and 60% (for Tl). Despite such a considerable decrease in the levels of these elements, the natural levels were still exceeded in all birch leaf samples -similarly to the findings in grass samples. Compared to the present findings, slightly lower As and Cd levels were found in 2014 by Kicińska and Gruszecka-Kosowska (2016) in the leaves from birches growing in the Bukowno area. The authors found the As content of 0.7 mg/kg, and a Cd content of 3.1 mg/kg.
An analysis of the spatial distribution of the most and least polluted samples showed that in 1998, the contamination was the highest in habitat no. 2. After two decades, the highest As and Cd levels were found in birch leaves from habitat no. 1, and the highest Tl levels in the samples from habitat no. 4 -as in the case of grass samples (Fig. 3 ).
Source(s) of As, Cd, and Tl
Next, the associations between the studied elements were analyzed. For this purpose, the correlation coefficients were calculated for both species and both sample series (Table 3) . Weak or no correlations were found for the Cd-Tl and As-Tl content in the birch leaves collected in 2018. No correlations for As-Cd or As-Tl were found i the grass samples from the same series. Strong correlations were found for the As and Cd levels in the grass samples from 1998, and in the birch leaf samples from 2018. Very strong correlations (r 2 <0.7) were found for the As-Tl and Cd-Tl levels in the grass samples collected in 1998. Nearly complete correlations (r 2 <0.9) were found for the Cd-Tl levels in the grass samples from 2018 and all analyzed element pairs in the birch leaf samples from 1998. This indicates the existence of a common source of the analyzed elements, both in 1998 and in 2018.
Cluster analysis performed on the datasets for the 1998 grass and birch leaf samples demonstrated that the primary source of plant pollution was likely the settling of industrial dust containing vast quantities of the trace elements (Fig. 4) . The samples from the sites nearest to the zinc works and located along the main line of dust settling were the most polluted.
In the material collected in 2018, the dendrogram has a different distribution (Fig. 4) . The samples from habitats 3 and 4 have the highest values, while habitat no. 1 is a clear outlier. This is due to a change of the main reason of the pollution -currently, it involves the poorly secured waste storage areas and old slag heaps, subject to intense weathering processes, mainly due to atmospheric factors. The processes seen in the area include aeolian transport of fine particles as well as suffosion of toxic elements by precipitation water.
Principal component analysis (PCA) for the collected data demonstrated that in 1998, the As, Cd, and Tl content in birch leaves was in 96% due to the settling of dust containing large quantities of trace metals, including those analyzed in the present study. After 20 years, the contribution of this source was considerably lower, amounting to 63% in 2018. For grasses, in 1998, 77% of the entire pollutant load on the plants was delivered through the atmosphere, while 20 years later, the share was 79%.
The difference in the share of pollutants deposited on the plants through the atmosphere is due to two fundamental reasons: one, the different plant height, and two, the different morphology of their above-ground parts.
As, Cd, and Tl in dust
The raw material processing performed at the Miasteczko Śląskie zinc works does not only involve materials such as zinc-lead concentrates or raw zinc oxide. The feed material for the furnaces also includes secondary materials, such as recycled zinc-lead materials, sludges, smelting residues, or dusts. Beside the main constituent elements, zinc and lead, these materials also contain other metals that may be a potential source of the elements analyzed in the present study. The research on the content and distribution of selected trace elements at all processing stages, from the Zn-Pb concentrate to waste material, as exemplified by the Miasteczko Śląskie zinc works, was performed by Nowińska (2003) , who found the As content of up to 0.19% and the Cd content of up to 0.8% in the dust from fabric filters and in smelting residues. The author reported that Cd was mainly present as an isomorphic impurity in zinc minerals, and accumulated in sulfate or oxide forms in cadmium-bearing dusts. Arsenic is found as an impurity in iron sulfates, in the form of toxic intermetallic compoundsmainly Zn 3 As 2 , FeAs, and FeAs 2 . Similarly to Cd, As tends to accumulate in dust or slag. Thallium also accumulates to a considerable extent in cadmium-bearing dusts and in slag, and tends to bond to cadmium through ion exchange. The As dust was clearly identified as the source of pollution, a dust sample from site no. 1 ( Fig. 1) was tested for As, Cd, and Tl content.
The following values were found (in mg/kg): 243, 1113, and 44, respectively. These values significantly exceed the natural soil levels: 0.1-30, 0.01-0.8, and 0.01-2.8 mg/kg, respectively (Kabata-Pendias and Szteke 2012), as well as the maximum allowed As and C levels for class IV lands set by the Regulation of the Minister for Environment (2016) on the evaluation of land surface contamination: 100 and 15 mg/kg, respectively. Therefore, the present hypothesis on the major contribution of dust to the current pollution of soil and plants may be considered confirmed.
Transfer factor for As, Cd, and Tl
On the basis of the As, Cd, and Tl content found in plant and soil samples (reported in Kicińska 2019 -pending publication), which amounted to 250, 454, and 40 mg/kg (median content), respectively, the transfer factor (TF) values were calculated (Table 4) . In all the habitats analyzed, a significant decrease of TF was found for As and Cd in 2018, compared with 1998. Mean 1998 TF values for As were 0.128 (grass) and 0.187 (birch), while the 2018 TF values were 0.005 (grass) and 0.006 (birch). For Cd, the TF value for the grasses sampled in 1998 was 0.767, while the 2018 value was 0.037. The TF value of Cd in birches also decreased in the analyzed period, from 0.473 to 0.057. For Tl, a different observation was made. Overall, over the past 20 years, the TF decreases were observed in three out of four habitats. Habitat no. 2 was an exception, as the TF values calculated there increased between 1998 and 2018, with regard to both grasses and birches.
In 1998, the highest TF values were found for Cd, both in grasses and birches. After 20 years, the highest TF values in both species were found for Tl.
These findings indicate a lower uptake of the analyzed elements from the soil. 
CONCLUSION
The findings from the sampling and physical and chemical analyses performed in 1998 and 2018 warrant drawing the following conclusions: 1. In Agrostis capillaris grass, the As, Cd, and Tl content in 2018 was lower by a mean of 50-70%, compared with the values found in 1998. However, all the samples collected in 1998 and 2018 had a content of the analyzed elements that significantly exceeded the socalled natural levels. 2. In Betula pendula birch leaves, the levels of As, Cd, and Tl found in 2018 were lower by a mean of 10-80% than those found in 1998. Still, all the samples collected in 1998 and 2018 exceeded the so-called natural levels of these elements. 3. The 1998 content of As, Cd, and Tl in the plants was due to the settling of dust containing industrial pollutants in as much as 96%. After 20 years, the contribution of this source was considerably lower, amounting to 63% in 2018. For grasses, in 1998, 77% of the entire pollutant load on the plants was delivered through the atmosphere, while 20 years later, the share was 79%. 4. The total content of the analyzed elements in dust was: 243 mg As/kg, 1113 mg Cd/kg, and 44 mg Tl/kg, which confirms the hypothesis on the major role of dust in the current soil and plant pollution. 5. Over the past 20 years, the location of the most polluted areas has changed, from the areas nearest to the zinc works and along the direction of the most common winds, to the sites subject to most intense settling of fine particles carried by wind from industrial waste storage yards or old, unsecured heaps.
The significant decrease of As, Cd, and Tl levels in the plant samples analyzed is a very desirable, optimistic finding, which demonstrates the efficiency of the measures implemented to limit the adverse impact of zinc works on its nearest surroundings. However, the change in the location of the most polluted areas in the studied 20-year period means that new measures must be employed to neutralize and reclaim the affected land. 
